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摘  要 
钼(Mo)在现代海洋中含量较高(105 nM)且相对保守，然而河流中Mo含量变
化大，变化范围可以由小于1 nM到几百nM，前人工作表明影响流域中Mo的因素
是多样性的如富粘土及硫矿的河床、农业及工业、矿山排水等，在这些因素中是
如何影响流域Mo的分布尚未清晰。Mo由流域向海洋输送的过程中，在河口区通
常认为是保守的，但近些年发现其分布并不完全保守，那么Mo在迁移过程中是
否存在水体向沉积物的富集。前人研究沉积物中Mo的富集机制提出多种看法，
而未达成一致如：氧化环境下，锰氧化物吸附Mo，还原环境下Mo与硫化物结合
或被有机物吸附进行富集(Adelson et al.,2001)；也有学者认为Mo的富集过程中存
在价态变化，与硫化物有机物结合(Vorlicek et al., 2004;Wang et al., 2011)；也有
学者发现氧化性水体与缺氧水体交换可加速水体中Mo向沉积物的富集(Florian et 
al., 2013)。 
本文以流域到河口钼从水体到沉积物的迁移富集过程为研究内容，选取了九
龙江流域及珠江流域为研究区域，探讨了 Mo 在流域中分布规律及影响因素；同
时研究了九龙江河口、珠江河口溶解态、沉积物间隙水中 Mo 的分布规律，探讨
了不同环境下(氧化环境、缺氧环境、红树林区域)沉积物中 Mo 的富集情况。研
究这些过程有助于我们认清现代海洋钼生物地球化学循环，并且为古海洋 Mo 的
研究提供依据。  
主要结果如下： 
九龙江流域Mo的含量整体较高(北溪上游37±38 nM，北溪中下游21±14 nM，
西溪17±8.4 nM，汇合区20±3.5 nM),尤其是北溪上游，远高于世界河流平均值(8 
nM)，Mo的含量与分布特征受到矿业的影响，在水库区Mo的分布存在时间差异，
高生物量区，Mo还可被生物吸收而降低。珠江流域(西江4.5±1.7 nM，北江13.7±5.7 
nM，东江5.2±0.1 nM)含量与世界河流平均值(8 nM)相当，北江含量较东江、西
江高，主要受到北江的矿业及工业影响。 
河口区溶解态Mo基本保守，九龙江河口2月份有稍微偏离保守线及珠江口夏
季底层有去除现象。在沉积物中Mo存在富集尤其是九龙江红树林区及珠江口上
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘 要 
II 
 
游缺氧区(Mo的富集因子：红树林为1-5；缺氧区为~1)。九龙江红树林区高TOC，
Mn及其环境通常为还原环境，这些都可为影响Mo富集的因素；珠江口上游缺氧
区Mo可与硫化物结合而富集在沉积物中，还发现水体中存在还原态Mo(V) 
(0.2-1.2 nM)，即水体中Mo还可以还原态向沉积物富集；珠江口上游生物量高(高
Chl-a：20 μg/L、高浮游植物量、高细菌量)区，部分Mo可能为生物所吸收，或
被一些有机物质吸附进而迁移到沉积物中。 
     河口区表层间隙水中 Mo 的含量(九龙江口：136 -365 nM；珠江口：81-188 
nM)高于水体 Mo 含量(<105 nM)。间隙水中存在明显的氧化还原分层，Mo 作为
氧化还原敏感的元素，其变化规律如下：氧化条件下，Mo 的值变化不大(九龙江
口下游：200 nM；珠江口下游：150 nM)；在次氧化的条件下，DO、NO3
-被消耗，
铁锰的氧化物被还原成溶解态的 Fe2+、Mn2+，此时，被锰氧化物吸附的 Mo 被重
新释放出来，出现 Mo 的高值(500 nM)，这个高值的位置处于 Mn (800 μM)、
Fe(1000 μM)高值的中间；随着环境的进一步还原，生成大量 NH4
+
(九龙江口：1200 
μM；珠江口：6000 μM)。此时，推测已经出现硫化物，铁锰与硫化物结合生成
固体，Mo 则与硫形成一系列的化合物。 
    综上所述，流域中 Mo 存在较大空间差异性，这些差异性受到流域的特殊性
影响。我们发现九龙江流域中溶解态 Mo 受到矿业的影响，在水库区 Mo 的分布
存在时间差异，高生物量区，Mo 还可被生物吸收而降低。珠江流域北江 Mo 则
受到矿区及工业的影响，与其区域岩性关系不大。 
Mo从流域输送到海洋的过程中，在河口区存在由水体向沉积物的富集，尤
其是缺氧区及红树林区。缺氧区：Mo可与硫化物结合而富集在沉积物中，Mo还
可以还原态向沉积物富集。红树林区：有机物含量高，Mn的含量高，都会使Mo
在沉积物中大量富集。在不同的氧化条件下，间隙水中Mo分布规律不同，与铁
锰密切相关。 
     
关键词：九龙江；珠江；流域；河口；钼 
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Abstract 
Dissolved molybdenum (Mo) is high and relatively conservative in the open ocean, 
but low and variable in rivers (1-100 nM). In addition, dissolved Mo could also 
behave non-conservative in estuaries including removal and addition. However, there 
is still lack of data regarding the transfer and mobilization of the element from river to 
estuary until the ocean, and therefore, I took two typical river-estuary systems (the 
Pearl and the Jiulong), and examined dissolved Mo and sedimentary Mo (porewater 
and sediments) along with other hydrochemical and metal information in these two 
river-estuary systems, aiming to fully understanding the biogeochemistry of Mo in 
natural waters and its application in paleoceanography. 
Dissolved molybdenum (Mo) is generally high and conservative in the oxygenated 
ocean, but low and variable in (1- 100 nM). Dissolved Mo in natural waters mainly 
originates from chemical weathering of clay rich underlying bedrock and sulfide 
mineralization. In addition，industrial and agricultural activities, mine drainage might 
also contribute to the pool of dissolved Mo locally. Dissolved Mo could also behave 
non-conservative in estuaries including removal and addition. However, there is still 
lack of data regarding the transfer and mobilization of the element from river to 
estuary until the ocean, and therefore I took two typical river-estuary systems (the 
Pearl and the Jiulong), and examined dissolved Mo and sedimentary Mo (porewater 
and sediments) along with other hydrochemical and metal information in these two 
river-estuary systems, aiming to fully understanding the biogeochemistry of Mo in 
current natural waters and its application in paleoceanography. Some major results are 
listed as the following: 
The concentrations of dissolved Mo are spatially different are variable in both the 
two rivers (the Jiulong and Pearl). For example, in the Jiulong River is characterized 
with higher Mo in the upper north stream (37±38 nM), and decreasing levels in the 
lower north stream (21±14 nM), and lowest at the west stream (17±8.4 nM) and the 
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convergence zone (20±3.5 nM). The Pearl River is lower than in the Jiulong River: 
the Beijiang (13.7±5.7 nM) > the Dongjiang (5.2±0.1 nM) > the Xijiang (4.5±1.7 nM). 
Both fluxes of dissolved Mo into the adjacent sea are relatively high: 6.54×10
5 
mol/yr 
and 2.85×10
5
 mol/yr in the Pearl and Jiulong rivers respectively. My case study in the 
Xipi Reservior and the Jiulng River suggested here that some of Mo experienced a 
series of geochemical reactions including particle adsorption and biological uptake 
which led to a net removal of the element in these freshwaters.   
My study of the estuaries showed that dissolved Mo could be non-conservative in 
both Jiulong and Pearl River estuaries. In the Jiulong river estuary, dissolved Mo 
concentration ranged from 20 nM to 100 nM., and dissolved Mo is relatively 
conservative in April, May and June, but a slight removal in February, while a slight 
removal of dissolved Mo also occurred in the Pearl River estuary in summer bottom 
water. My further investigation in mangrove sediments in the middle Jiulong River 
estuary and anoxic sulfidic sediments in the upper Pearl River estuary showed that 
mangrove sediments served as an important sink of Mo as indicated by positive 
correlations of sedimentary Mo with TOC and Mn. In addition, Mo(V) was observed 
in the anoxic sulfidic zone of the upper Pearl River estuary, suggesting Mo(VI) is 
experiencing a reduction to Mo(VI) as forming sulfides. Again, high levels of Chl-a 
and bacteria in the upper Pearl River estuary could be attributable to high levels of 
Mo(V) along with high nutrients inputs locally.  
Higher sedimentary Mo than particulate Mo in the water column suggested of a 
net sequestration of the Mo from waters to the sediments, while higher levels of 
dissolved Mo in the reducing sediment porewaters than in the overlying waters 
suggested of an upward diffusion of dissolved Mo from sediment porewaters. My 
study in the reducing sediments also showed that Mo was experienced with a series of 
geochemical reactions coupled with Fe, Mn oxides, sulfides and organic materials. 
Finally, I concluded that I for the first time, observed with a large spatial 
variability of Mo in the watersheds, which could be attributable to local mine 
activities, and reservoir constructions, and biological activities, and even industrial 
activities. In addition, I also observed that Mo could be mainly sequestrated in those 
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anoxic sulfidic sediments or those organic matter-enriched sediments e.g., mangroves, 
as Mo is experiencing a series of biogeochemical reactions. These alterations could 
potentially significantly impact the final riverine contributions of the element into 
nearby marginal seas, and even its whole oceanic budget. 
 
Keywords: Pearl River; Jiulong river; watershed; estuary; molybdenum.
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